We developed a foot-long aluminum "microscope" cantilever to use in our undergraduate laboratory. The detection mechanism is by means of a vibrating piezoelectric. The tip-sample interaction is obtained by means of springs attached at the end of the cantilever. The main objective is to provide students with a large cantilever from where they can build an intuitive feel of the instrument. Also, and perhaps more important, we teach the student how to extract forces from kinematics data. We let the cantilever move under the action of the interaction force, and record that motion as a voltage produced by the vibrating piezoelectric. That voltage is then processed to reproduce the F-d (Force-distance) curve.
I. MOTIVATION
Scanning force microscopy 1 (SFM) is today a well established analytical technique to study surface morphology at the nanometer scale. It is also, together with the scanning tunneling microscope, the most widely used of the scanning probe family of microscopes. Although the SFM has been extensively used in research in Materials Sciences and Biology, its impact has not reached the teaching laboratories. This situation is due to the high cost of a typical SFM. On one hand those research universities that have one or more SFMs, do not make them available to the general science student. On the other hand, smaller universities or colleges may not afford to purchase such a system. However, due to the impact it has had in advancing the field of Materials Sciences in the last decade, it is desirable that any B.S. graduate understands the working principles of an SFM. In order to fill this gap we built a prototype that models the functioning of the real SFM (Figure 1 ). This prototype is at the same time inexpensive and didactic.
HH8.2.2 At the heart of the SFM is the cantilever-tip system. It is manufactured as a single piece of, typically, Si 3 N 4 or C. The cantilever measures about 100µm in length, and the tip, made as a regular tetrahedron, averages 10µm in height. A transducer scans the tip across the surface under study and, meanwhile, the tip interacts with the surface via a variety of microscopic forces. The function of the cantilever is to support the tip. The tip thus plays the main role of the microscope. The cantilever, in turn, purports an ancillary purpose. However, any reconstruction algorithm must incorporate it as a pivotal element in order to convert experimental data into force information. Specifically, the sample rests on a vertically movable support. As the support moves, so do the tip-sample separation and their interaction force. The objective of "spectroscopic" SFM is to retrieve the corresponding forceseparation (that is, force vs. tip-sample-separation) curve from experimentally measured kinematics data. By means of the photodiode system and simple geometrical optics, the height of the tip as a function of time, z(t), is recorded. Thus, any reconstruction algorithm reduces the kinematics into the force-separation curve. These two pieces of information are linked through the dynamics of the cantilever-tip system under the influence of the sought force.
An earlier dynamics model, still extensively used, consists of assuming that the elastic properties of the cantilever are lumped into an effective spring constant k, and the cantilever-tip inertia is considered through an effective mass m. As the sample-holder platform moves upward, the tip-sample separation changes, and so does the tip-sample interaction. Within this framework and, by using Newton's second law, the interaction is F(t)=md 2 z(t)/dt 2 +kz(t), where t represents the time elapsed since the platform started moving and z(t), the tip's height, is measured with the optical setup. A modern, more complete algorithm is described below.
III. RECONSTRUCTION ALGORITHM
It has been shown 2 that in typical experimental conditions more than one oscillation exists in the cantilever-tip system. There, the cantilever-tip system was treated as an extended object, capable of holding an infinite number of resonances. Concretely, the system is modeled as a vibrating rod fixed at one end, and interacting at the "free" end.
Under those conditions the transverse frequency spectrum of the cantilever subject to a tip-sample force is given by where κ=3EI/L 3 ( κ is the nominal, or manufacturer, "spring constant" of the cantilever-tip system), and k is the slope of the force-separation curve at a given point of the curve. In addition, the frequencies (ν n ) can be obtained from the solutions, ξ n , to the previous equation through ν n =(A 1/2 V)/(2πL 2 ) ξ n 2 . In the previous expressions E is the Young Modulus, I is the area moment of inertia, and L, A, V are, respectively, the length, the area, and the volume of the cantilever.
Therefore, for a given cantilever-tip, κ is known. The parameter k is in the real setup unknown (and the desired measured quantity). If the frequency spectrum is measured, the right-hand side of Equation (1) can be evaluated and thus k can be obtained. Once k is obtained for various separations d, the curve k(d) is integrated to obtain the force curves F(d). 
IV. EXPERIMENT
The main concept to stress in the development of the experimental setup is about size. As mentioned in the introduction, the cantilever measures around 100µm. In our proposed setup, the cantilever measures 20.5 cm. This is not a problem since the physics is the same for both systems: both are governed by classical mechanics. Forces of quantum mechanical origin do appear between the SFM tip and sample, however, (a) we are not concerned here with the origin of the force, we just want to measure it and (b) once the force is applied, regardless of its origin, the macroscopic cantilever evolves classically. Thus the foot-long cantilever is a good realization of the system under consideration. Figure 2 shows the excitation and detection setting. A 20.5 cm-long aluminum rod is attached to a heavy aluminum block. The block is in turn attached to an aluminum horizontal slab base where all the electrical connectors to the rod are made. For mechanical isolation, the base lies on a cushion foam pad -without it, the noise and the signal (~ 1mV) are of the same order of magnitude on our ground laboratory next to a parking lot. Rod vibrations are excited by means of an audio-generator-fed piezoelectric 3 . A second, detecting piezoelectric is located at the free extreme of the cantilever. With the audio generator we scan from low to high frequencies. If the frequency is not a resonance, no vibration is propagated away from the first piezoelectric. When the scanner hits a resonance, a normal, extended, mode is excited which can be measured by the second piezoelectric. To detect that resonance, we use the Lissajous method: in a two-channel oscilloscope, the signal from the first piezo is connected to channel 2 (vertical) and the signal from the second piezo is connected to channel 1 (horizontal). When the oscilloscope is set to operate in x-y mode, an ellipse is detected when the cantilever is in resonance.
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The first task to make sure of the appropriateness of the setting is to calibrate the system, that is to compare the measured frequencies with the theoretical ones when the cantilever is not loaded. That corresponds to setting k=0 in Equation (1). As explained in the previous section, the predicted frequency values are related to ξ n , and can be rewritten as
where n=1,2,3,… tag the corresponding normal modes, and m=ρAL is the total mass of the cantilever. In our case, m = (9.98 ± 0.05) g, and κ=(624±9)N/m. Figure 3 shows a graphical comparison betwen the measured frequency values and those predicted by equation (2). The upper line represents values of resonance frequencies predicted by equation (2). The lower line is the linear regression of measured data points shown as black dots. The difference is due to the masses of the transducers, and has the effect of reducing the resonance frequency values. We used the measured values to deduce an effective cantilever length of 21.96 ± 0.05cm and, from there, an effective κ eff = (527 ± 8) N/m.
In order to check the validity of the algorithm, Equation (1), when there is a non-zero "tipsample" force, we introduce a non-trivial interaction via external springs of known properties. Figure 4 shows how the external spring is located in the system. The force produced by the spring on the extreme of the cantilever is |F|=(spring constant)x(deflection). Then the derivative of F with respect to the deflection is the spring constant which then must be equated with k in Equation (1). On the other hand the aluminum rod with dimensions L=(20.5±0.1)cm and r=2.38mm (with negligible uncertainty) has a nominal constant κ=(624±9)N/m. Thus for each external spring, the right hand side of Equation (1) is known and the resonant frequencies can be found. Figures 5 and 6 show comparisons between experiments and theory for the first two lowest resonant frequencies. 
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The figures show an excellent agreement between theory and experiment. With the exception of the two intermediate frequencies in the lowest mode, the differences between theory and experiments are within 0.l%. For those two exceptions, the difference is 4% and can be attributed to the use of springs in series, which was necessary for practical purposes in order to realize intermediate values of k. Since this error is still small, we were not concerned with improving the measurements, as we are interested in proving the underlying concepts. However, the measurement can be easily improved by doing the experiment with single springs (which we did not have available at the time).
II. CONCLUSIONS
We have experimentally tested a new algorithm that must be used in lieu of the standard algorithm when higher modes of vibration are excited in the SFM cantilever-tip system. When working with the actual SFM, there is no direct access to the tip-sample interaction force. We have worked with a foot-size system where direct access to the forces is possible. In that case we compared the results and found an excellent agreement. Since the algorithm was validated experimentally, now it can be used as a measuring tool, in real cases of interest in SFM.
As spin-offs of this work, we have: (1) the development of an educational large scale "SFM" to teach the principles of operation of the microscope and (2) the development of a novel elastic characterization technique. In this case a material to be characterized is made in the shape of a cantilever and its resonance frequencies measured, from which the Young Modulus can be extracted. This dynamic characterization technique is relevant for brittle materials, such as ceramics or glass. In those cases cheap, non-destructive analysis methods are not available. In addition, non-linear elastic properties can be studied. This is of extreme interest to predict the behavior of materials when performing as mobile machinery parts.
